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ABSTRACT
We study recent observations of propagating fluctuations in a prominence foot with Hinode Solar
Optical Telescope (SOT) high-resolution observations in Ca II and Hα emission which we identify
as nonlinear fast magnetosnic waves. Here we analyze further the observations of propagating waves
and flows with Interface Region Imaging Spectrograph (IRIS) Mg II slit jaw images, in addition to
Hinode/SOT Ca II images. We find that the waves have typical periods in the range of 5− 11 minutes
and wavelengths in the plane of the sky (POS) of about 2000 km, while the flows in narrow threads
have typical speed in the POS of ∼ 16− 46 km s−1. We also detect apparent kink oscillations in the
threads with flowing material, and apply coronal seismology to estimate the magnetic field strength
in the range 5-17 G. Using 2.5D MHD we model the combined effects of nonlinear waves and flows on
the observed dynamics of the prominence material, and reproduce the propagating and refracting fast
magnetosonic waves, as well as standing kink-mode waves in flowing material along the magnetic field.
The modeling results are in good qualitative agreements with the observations of the various waves
and flows in the prominence foot, further confirming coronal seismology analysis and improving the
understanding of the fine scale dynamics of the prominence material.
Keywords: magnetohydrodynamics (MHD) —Sun: filaments, prominences — waves — flows
1. INTRODUCTION
The magnetic structure of solar prominences is complex and not well understood. Evidence for flows, oscillations, and
MHD instabilities are seen in the cool prominence material (see the review, Parenti 2014). High resolution observations
of prominences with the Solar Optical Telescope (SOT) on board the Hinode satellite (Kosugi et al. 2007) reveals the
complexity of the prominence dynamics (e.g., Okamoto et al. 2007; Berger et al. 2008, 2010; Hillier et al. 2013; Hinode
Review Team et al. 2019). Recent observations of the prominence structure and dynamics with the Solar Dynamics
Observatory’s (SDO) Atmospheric Imaging Assembly (AIA) (Lemen et al. 2012) further revealed the complexity of
the prominence megnetohydrodynamics (e.g., Liu et al. 2012; Berger et al. 2012). Observations with Interface Region
Imaging Spectrograph (IRIS), with slit jaw images (SJI) and Mg II spectral data (De Pontieu et al. 2014) provide
fine-scale spectroscopic imaging and dynamics information of the cool prominence material (Schmieder et al. 2014;
Heinzel et al. 2015; Liu et al. 2015; Vial et al. 2016; Okamoto et al. 2016; Antolin et al. 2018; Kucera et al. 2018).
Wave and oscillations in the magnetized prominence structures have been observed for decades using ground-based
and space-based telescopes. Due to the magnetized nature of the prominence material, the waves and oscillations were
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interpreted in terms of various MHD modes with broad range of scales (see the reviews by Lin 2011; Arregui et al.
2018). The various types of large- and small-scale oscillations and associated idealized linear MHD modes allow the
straightforward application of coronal seismology in many instances (see the review Nakariakov & Verwichte 2005).
However, when nonlinearity becomes important, for example, in large amplitude oscillations in prominences (see the
review, Tripathi et al. 2009), nonlinear MHD modeling is needed to properly account for the nonlinear coupling and
dynamics of these waves (e.g., Ofman et al. 2015). The dissipation of MHD waves can also play an important role in
the heating of the prominence material (e.g., Ofman & Mouradian 1996; Ofman et al. 1998; Okamoto et al. 2015).
Ofman et al. (2015) studied the propagations of nonlinear waves in a prominence foot using a 2.5D MHD model and
high-resolution Hinode/SOT observations in in Ca II emission line of a prominence seen on 2012 October 10. They
found highly dynamic small-scale propagating features in the prominence material, also evident in Hα intensity and
Doppler shifts. The feature propagating upward along the foot were interpreted as nonlinear fast magnetosonic waves
with typical period in the range of 5 – 11 minutes and wavelengths on the order of ∼2000 km or less. Previously, these
waves were interpreted as linear fast magnetosonic waves (Schmieder et al. 2013). The nonlinear 2.5D MHD model of
propagating quasi-periodic nonlinear fast magnetosonic waves was able to capture the main features of observed prop-
agating fluctuations, with the magnetic field intensity in the model guided by the THEMIS (Te´lescope He´liographique
pour l’Etude du Magne´tisme et des Instabilite´s Solaires) (Lo´pez Ariste et al. 2000) instrument observations. However,
the above study did not consider the effects of flows that apparently cross the prominence foot, and the effects of
gravity were only partially included.
Mass flows of the cool prominence material are observed ubiquitously in prominence threads (see the review by
Parenti (2014), and recent observations by Alexander et al. (2013); Kucera et al. (2014); Diercke et al. (2018)).
Combined flows in small-scale threads and waves were also detected and studied in solar prominences by Okamoto
et al. (2007) and in coronal loops with cool prominence material by Ofman & Wang (2008). Recently, Kucera et al.
(2018) analyzed motions in prominence barbs observed on the solar limb with the Hinode/SOT in Ca II, Hα, IRIS
SJI Mg II emission, and the SDO/AIA. They found line-of-sight fluctuations in the barbs and features moving along
the barbs perpendicular to the solar limb that tend to come in clusters along similar paths in the plane of the sky.
Similar to previous observations (e.g., Schmieder et al. 2013; Ofman et al. 2015), they have detected the quasi-periodic
wave-like features in prominence foot (or ‘pillar’) that appear on timescales of 10 minutes to an hour, propagating
toward or away from the limb with corresponding Doppler shift signatures.
In the next section we discuss the prominence observations. In Section 3 we present the model and in Section 4 the
numerical results. Section 5 contains a summary and our conclusions.
2. OBSERVATIONAL DATA ANALYSIS
The observational data set and its analysis method were described in detail in Kucera et al. (2018). To summarize,
the prominence was observed on the west limb south of the equator on 2016 January 7 by the Hinode/SOT (Kosugi
et al. 2007; Tsuneta et al. 2008) in both Ca II and Hα and also by the IRIS, with SJI and Mg II spectral data (De
Pontieu et al. 2014). In this paper we show examples of the SOT Ca II 3969 A˚ images and the IRIS Mg II k 2796 A˚
SJI of the prominence pillar region used for the flows and waves analysis.
The SOT Ca II images were taken with a cadence of 30 s over a field of view of 76× 76′′ with a spatial resolution (2
pixels) of 0.21′′. The data were taken over three time intervals, 07:17 - 07:34 UT, 08:55 - 09:13 UT, and 10:23 - 11:00
UT, chosen to avoid the high particle count periods of the South Atlantic Anomaly (SAA). The IRIS Mg IIk slit-jaw
images have a 37.6 s cadence, a field of view of 168× 177′′, and a resolution (2 pixels) of 0.33′′. They were taken over
the intervals 07:29 - 08:24, 08:56 - 10:00, and 10:33 - 11:23 UT.
For this paper we obtained the velocities of the prominence material in the plane of the sky by measuring the motions
of features that could be detected either in the Ca II or Mg IIk in two ways. For one set of features in each waveband
we tracked individual moving features manually. The locations of the features representing the flows, best seen outside
the pillar structure are shown in Figure 1 for Ca II emission and Figure 2 for Mg II emission. We then preformed
linear least-square fits to the points with the resulting line slopes providing speeds in the plane of the sky from 16 to
47 km s−1. The plane of the sky velocities provide lower limits of the true velocities due to the possible effects of the
projection angle on the inclined propagation of the prominence material.
We also measured broader features moving away from the solar limb as was done in Kucera et al. (2018) by inspecting
the intensity vs. time along a particular tracks, as shown in Figure 3. In Figure 3a two tracks perpendicular to the
solar limb are marked (A, B). Track A is in the center of the pillar showing the propagating features, in agreement
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Figure 1. Left: Hinode/SOT Ca II image of the prominence on 7-Jan-2016 09:03:49 UT with the colored tracks showing the
locations of the flow velocity measurements. (An animation of this panel is available online). Right: the velocities with error
bars of the prominence material measured along the tracks. The time given is the time of the first frame used to track the
feature.
with previous studies (Ofman et al. 2015; Kucera et al. 2018). The resulting time-distance diagram shown in Figure 3b
is for Track A, showing features (green lines) with speeds from 10 to 13 km s−1 in the plane of the sky, consistent with
measurements discussed in Kucera et al. (2018) that can be identified as nonlinear fast magnetosonic waves (see, also
Ofman et al. 2015).
Track B is outside the pillar, in the perpendicular direction to what appear to be propagating motions of cool
prominence material. The time-distance plot (Figure 3c) identifies a likely standing kink-mode oscillations (solid lines)
with periods of ∼6-10 minutes. For comparison, kink-mode oscillations of prominence threads were detected in several
other observations in Hα with periods 1.9-5.4 min using the Swedish 1m Solar Telescope in La Palma (Lin et al. 2009),
using Hinode/SOT with periods 3.5-8.75 min (Ning et al. 2009), and in Ca II with periods 2.9-4.2 min (Okamoto et al.
2007) (see the review by Arregui et al. (2018)). In order to apply coronal seismology to the present observation of the
kink oscillations we need to estimate the length of the oscillating thread, difficult primarily due to the projection and
line of sight integration effects, as well as the small field of view of Hinode/SOT.
3. NUMERICAL MODEL AND BOUNDARY CONDITIONS
While we realize that the overall prominence structure is highly complex and dynamic, we employ a reductionist
approach by using a simplified model that captures the physical properties of the fast magnetosonic waves and flows
in narrow threads in the observed prominence foot. We use the 2.5D MHD model described in Ofman et al. (2015)
to model the fast magnetosonic waves and flows in a prominence foot using the initial state described below. Here,
we repeat some basic properties of the Ofman et al. (2015) model for convenience. We apply the simplified model
of Joarder & Roberts (1992) to model the initial state of the prominence foot. The background magnetic field is
horizontal with B = B0xˆ (see, Figure 4), and the background thermal pressure is in equilibrium (pressure balances),
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Figure 2. IRIS SJI in Mg II emission of the prominence on 7-Jan-2016 08:01:02 UT with the colored tracks showing the
locations of the flow velocity measurements (lower right panel) (An animation of this panel is available online). The velocities
with error bars of the prominence material measured along the tracks in IRIS Mg II SJI. The time given is the time of the first
frame used to track the feature.
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Figure 3. (a) The location of the tracks perpendicular to the solar limb marked in Hinode/SOT image of the prominence on
7-Jan-2016 07:22:17 UT (Track A: black) and 10:42:49 UT (Track B: green). (b) Time distance diagram along Track A shown
at left. Annotations show two motions along the slit with speeds in the plane of the sky from 10 to 13 km s−1. (c) The time
distance diagram along Track B annotated to show possible oscillations (solid pink and blue) with periods of ∼6-10 minutes.
achieved by setting the following forms of temperature and density:
T (x, z) = Tmax − (Tmax − Tmin)e−[(x−x0)/w]2p , (1)
n(x, z) = p0/T (x, z), (2)
where Tmax corresponds to the coronal temperature, and Tmin is the temperature of the prominence material inside
the foot, w is the half-width of the foot. In the present study we use w = 0.1 normalized in units of L0 (see below),
Tmin/Tmax = 0.01, and p = 2 defines the sharpness of the profile. Thus, the fast magnetosonic speed for perpendicular
propagation Vf = (V
2
A +C
2
s )
1/2, where VA is the Alfve´n speed and Cs is the sound speed, is lowest in the center of the
foot and increases to the maximal value in the corona. Since the magnetic field is strong (i.e., the magnetized plasma
is low-β) and perpendicular to the direction of gravity, there is no initial gravitational stratification of the density in
the model. The initial near-equilibrium state is show in Figure 4b. However, during the evolution of the MHD model
small gravitational stratification forms self-consistently, introducing height-dependence of the modeled quantities.
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Figure 4. (a) The schematic diagram of the prominence foot model showing the high-density cool prominence material in the
center, surrounded by coronal material, with horizontal magnetic field (white lines), and the various model boundary conditions
(b.c.’s) of waves and localized flows injections. (b) The initial density, n0 (blue), temperature, T0 (red), and pressure p0 (green)
along a magnetic field line.
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Table 1. The main parameters of the numerical model runs. The ‘∗’ in Case 3 indicates counter-propagating flows injected
from the left and right boundaries of the domain.
Case # Vz,0 [VA] ω1 [Radτ
−1
A ] Vf0 [VA] B [G] Gravity
1 0.015 10.61 0.0 5 No
2 0.02 12.56 0.015 10 Yes
3 0.01 10.61 ±0.010∗ 10 Yes
4 0.015 10.61 0.0 5 Yes
We solve the 2.5D resistive MHD equations with gravity in Cartesian geometry (with y-direction as the ignorable
coordinate). The effects of the small resistivity are negligible on the timescale of the modeling runs. The following
parameters are used: background magnetic field magnitude B0 = 5 G (consistent with our estimate from observations
in Section 2), background coronal density n0 = 10
9 cm−3 coronal temperature T0 = 106 K with corresponding sound
speed Cs = 166 km s
−1, and Alfve´n speed VA = 345 km s−1, Alfve´n time τA = 3.38 min with distance normalization
L0 = 70 mM, and the thermal-to-magnetic pressure ratio β = 8pip0/B
2
0 = 0.2776, where p0 = kBn0T0, and kB is
Boltzmann’s constant, and the Lundquist number S = 104−105. We also use B0=10 G in two runs (see, Table 1). The
solutions are obtained in two spatial dimensions of the three components of the velocity and the magnetic field utilizing
the fourth-order RungeKutta method in time and fourth-order spatial differencing on up to 5122 grid points with open
boundaries conditions at the top of the domain, time depended boundary conditions at the lower boundaries, and
line-tied/inflow boundary conditions at the x-boundaries of the domain. A numerical convergence test was performed
with the 2.5D MHD model to establish that the resolution is sufficient to resolve the modeled dynamical features. This
was done by comparing runs with increasing grid resolutions until the results become independent of further resolution
increase.
As in Ofman et al. (2015), fast magnetosonic waves are launched into the prominence foot at the lower boundary
via time-dependent boundary condition on the Vz component of the velocity. Motivated by the detected variability
in the amplitude of the waves, evident in Hinode/SOT animations, in time-distance, and in temporal plots that cut
through the prominence pillar (see, Figure 5 in Kucera et al. 2018), we apply a double frequency source, with the high
ω1 frequency component corresponding to the wave period of order several minutes, and a longer duration envelope
component with an order of magnitude longer period. Thus, the corresponding velocity at the footpoint (i.e., the time
dependent boundary condition) has the form
Vz =
Vz,0
2
[cos(ω1t) + 1]sin(ω2t)e
−[(x−x0)/s0]4 , (3)
where we use ω1 = 9ω2. The typical velocity amplitude of the source is Vz,0 = 0.015VA corresponding to ∼ 10 km s−1,
where VA is the local Alfve´n speed. The wave injection source is localized in the center of the pillar at x = x0 with an
approximate half width of s0 = 0.032, falling off with the faster than exponential decay in the x-direction away from
the center of the pillar. Motivated by observations of localized flow in prominences we extend the previous 2.5D MHD
model Ofman et al. (2015) by introducing an inflow boundary conditions at t ≥ 0 at the x-direction (lateral along the
background magnetic field) to inject field-aligned flow into the prominence foot region. The narrow Gaussian inflow
at the boundary is of the following form
Vx(x = xmin, z, t) = Vf0e
−[(z−zk)/win]2 , (4)
where Vf0 is the magnitude of the flow injected flow, the injection boundary is at xmin, the normalized width win = 0.01,
the locations at xmin boundary are at zk, where, for example, at k = 1, z1 = h/2, centered around the mid-height of
the model prominence foot pillar. Additional parameters of the model runs for each case considered here are given
in Table 1. Case 1 is modeled without the effects of gravity and with B0 = 5 G. Cases 2 and 3 include the effects
of gravity, and use B0 = 10 G. In Case 3 counter-propagating flows are injected in narrow localized regions at the
boundaries near the mid-height of the domain. Two overlaying flows are introduce on the left boundary towards the
pillar, and a single flow thread is introduced on the right boundary in the opposite x-direction.
4. NUMERICAL RESULTS
The numerical solutions of the 2.5D equations with fast magnetosonic waves excited at the foot of the prominence
pillar by time-dependent upward velocity, Vz0(x, t) boundary condition, Equation 3, are shown in Figure 5 for Case 1.
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The spatial structure of the modeled pillar density and velocity is shown in Figure 5a. The high density, cold pillar
material is modeled in the central part of the region, and the values of the density are shown in the color intensity
scale. The nearly horizontal lines indicate the magnetic field lines, slightly deflected in the high density region due to
wave pressure. The effect of the driven waves is seen as traveling density enhancements (see the enclosed animation),
shown at t = 6.11τA ≈ 20.7 min (with the present time normalization) and the corresponding propagating velocity
fluctuations, in qualitative agreement with Hinode/SOT Ca II observations. The effects of nonlinearity are evident
in the steepening of the wave-fronts in agreement with the observed signatures of wave structures. The overall wave
pressure is directed upwards along the pillar’s foot that acts as a waveguide, and the waves escape through the upper
boundary of the modeled pillar, with open boundary conditions at the top. In the lower footpoint region the wave
injection produces localized kink-like modes. A small fraction of the waves leaks outside the waveguide and propagate
in the coronal region (low density, high-temperature region compared to the prominence pillar region). We have
repeated the run with the same parameters, but with gravity (Case 4), and found similar evolution of the waves.
The main difference in this case arises from the gradual gravitational downward acceleration of the cool and heavy
prominence material, and corresponding development of small curvature in the magnetic field lines for the case with
B0 = 5 G compared to the case without gravity. For the case with stronger (B0 = 10 G, see below), the higher
magnetic pressure diminishes further the effects of gravity perpendicular to the magnetic field.
In Figure 5c-f the temporal evolution of the variables at the center of the pillar (x = 0) and near the boundary of
the pillar (x = 0.05) at height z = 0.2L0 is shown. The initial time (t ≈ 0.6τA) for the wave to reach the observed
height is evident. Figure 5c shows the temporal evolution of the velocity components. The Vz component associated
with the driven fast magnetosonic waves is dominant and exhibits the beating oscillations consistent with observations.
The nonlinearity is evident in the steepened wave front and the non-sinusoidal structure of the waves, even though
the injected source has a sinusoidal time-dependence. The density perturbation with respect to the initial pillar
density, n1, the temperature perturbations, T1, oscillations are in phase with the Vz and magnetic perturbation Bx
oscillations. These phase relations are consistent with the properties of the propagating fast magnetosonic waves (that
are compressional). The phase speed of the waves, Vf , increases at the boundary of the pillar towards the coronal
region, and the fast magnetosonic waves undergo reflection and refraction in these regions, i.e., the wavefronts change
direction and speed as evident in Figures 5-6, as well as coupling to other wave modes. This is evident by comparing
the temporal evolution in Figure 5c-f, and z-dependence (wavelength) of the waves at x = 0 and at x = 0.05 in
Figure 6, where the phase shift of the velocity and magnetic field components is apparent, while the perturbed density
and temperature are dominated by the long-wavelength perturbation at x = 0.05 outside the pillar.
In Figure 7 the results of the model for Case 2 at two times of the evolution are shown. In this case, the flow is
injected at the left boundary of the model region with time-dependent velocity boundary condition given by Equation 4.
In Figure 7a, b the results are at t = 4.22τA, where the waves propagate to the upper boundary of the pillar, and
the flow has reached the pillar, causing the displacement of the high-density cold material, evident in Figure 7a. The
velocity magnitude, V , structure of the waves and the threaded flows are shown in Figure 7b. At later time, t = 5.38τA
the flow has caused further mass deflection in the pillar (Figure 7c) and the propagating material has reached the
right boundary of the model (Figure 7d). The simulation is run until the flow reflection from the opposite x-boundary
reaches the pillar. It is evident that the velocity structure of the flow was affected by the interaction with the nonlinear
waves and the changes the magnetic structure.
In Figure 8 the time-distance plots of the 2.5D MHD model results for the density are shown at two x-locations
of the vertical cuts along the z-axis. In Figure 8a the cut is to the left of the pillar, and the effects of the inflow
velocity is evident in the density reduction due to the evacuated mass by the flow, and the transverse oscillations of
the magnetic structure due to the time-variable injection of the waves by the time-dependent boundary condition at
z−0 (Equation 3). The small-scale variations due to the effects of the propagating waves are evident as the alternating
bright and dark slanted stripes with the slope corresponding to their propagation speed marked with the dashed line.
The cut in the center of the pillar (near x = 0) along the z-axis is shown in Figure 8b. The nonlinear fast magnetosonic
waves are well evident in this cut. Clearly, the phase velocity of these waves is diminished in the low-temperature,
high-density pillar, compared to the high-temperature low-density region in Figure 8a with leaked waves. Near the
center of the pillar the measured fast magnetosonic speed from the modeled waves is close to 0.1VA while at x = 0.05
the measured speed increases to 0.27VA, consistent with the density and temperature profiles shown in Figure 4b that
produce variation of the background fast magnetosonic speed along the magnetic field. The effects of the inflow are
seen by the density increase, followed by a decrease, and transverse oscillations due to the time-variable wave injection.
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Figure 5. The computation results obtained with the 2.5D MHD model for Case 1. (a) The magnetic field lines (white lines)
and the density at t = 6.11τA ≈ 20.7 min in units of 109 cm−3. (b) The corresponding velocity magnitude. An animation of this
image is available online. The spatial dimensions are in units of L0 = 70 mM. In the right column are the temporal evolutions of
the variables at height z = 0.2, the thick solid/dashed lines are at x = 0 and the thin solid/dashed lines are at x = 0.05. (c) The
velocity perturbation Vz (solid), and the negligible Vy (dashes), and Vx components (dot-dashes). (d) The perturbed density,
n1. (e) The perturbed temperature T1 in Kelvin. Note, that at x = 0 the values T1× 100 are plotted in order to fit on the same
scale with the values of T1 at x = 0.05. (f) The perturbed magnetic field component Bx (solid), with small perturbations in By
(dashes) and Bz (dot-dashes). The initial time-lag for the wave to reach the measurement height is evident.
The higher-frequency fast magnetosonic waves and lower frequency transverse oscillations model results are similar to
the observational analysis results shown in Figure 3.
The generation of waves by counter-propagation flows and colliding flows observed by Hinode/SOT and IRIS SJI in
highly energetic (107 − 108 erg cm−2 s−1) collision was studied and modeled by Antolin et al. (2018). Here we model
a two orders of magnitude lower energy event. Our study demonstrates the effects of background flows and density
perturbation on the propagation of the nonlinear fast magnetosonic waves for injected as well as counter-propagating
flows into the prominence foot (Figure 9). For the counter propagating flows (Case 3) the flows are injected from two
overlaying locations at the left boundary and from one location at the right boundary near the center of the height of
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Figure 6. The cut at x = 0 (thick solid/dashed lines) and at x = 0.05 (thin solid/dashed lines) for (a) the velocity (Vz (solid),
Vy (dashes) and Vx (dot-dashes))components, (b) the perturbed magnetic field components (Bx (solid), By (dashes) and Bz
(dot-dashes)), and (c) total density n for Case 1 shown in Figure 5.
the pillar. It is evident that the counter-propagating flows affect the structure of the foot by displacing the high-density
cool material and introducing nonuniformity in the density structure of the prominence foot. It is evident that the fast
magnetosonic waves are refracted in the nonuniform density region, but still are trapped in the wave-guide structure
and continue to propagate upward above the nonuniform region, in qualitative agreement with Hinode/SOT and IRIS
SJI observations.
5. DISCUSSION AND CONCLUSIONS
Recent high spatial and temporal resolution observations of a prominence foot with Hinode/ SOT Ca II and IRIS
SJI Mg II emissions show evidence of propagating features and oscillations. The structures are dynamic showing what
appear to be motions both in the plane of the sky and along the line of sight. As discussed in Kucera et al. (2018), the
structures appear to be associated with shifted line components observed in the Mg II spectral data. This is consistent
with SOT Hα data showing red wing/ blue wing information that also suggests shifts associated with the bright moving
features. These findings are consistent with flows and waves in a set of elongated field lines. The observations provide
a diagnostic of the flows with velocities in the plane of the sky in the range of ∼16-47 km s−1 in the plane of the
sky in various parts of the prominence near the foot. In addition, the propagating nonlinear fast magnetosonic waves
in the elongated prominence foot magnetic structures have velocities of ∼10-13 km s−1. The transverse oscillations
detected in the flowing prominence material threads have periods in the range of ∼6-10 min. Using a rough estimate
L = 50, 000 km for the length of the threads, based on their apparent structure, curvature and typical cool prominence
material density of 1010 − 1011 cm−3, we use the expression for the kink speed (e.g., Nakariakov & Ofman 2001)
Ck =
2L
P
=
B0√
4piρ0
(
2
1 + ρe/ρ0
)1/2
, (5)
where P ≈ 6−10 min is the oscillation period of the thread, ρe is the coronal density and the quantities with subscript
‘0’ are inside the thread. For simplicity, to estimate the magnetic field strength, B0 we used the fact that the cool
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Figure 7. The results of the 2.5D MHD model with waves and inflow along the magnetic field at the middle of the left boundary
(Case2, normalized units). (a) the magnetic field lines (white) and the density at t = 4.22τA. (b) the magnitude of the velocity
V in the xy plane at t = 4.22τA. (c) same as (a) but at t = 5.38. (d) same as (b) but at t = 5.38. (An animation of this figure
is available online article.)
prominence material is much denser than the outside coronal material, ρe  ρ0, and assumed the fundamental mode
of oscillations of the threads. Thus, we find that B0 ≈ 5 − 17 G, consistent with the typical magnetic field strength
measured in prominence pillars (e.g. Schmieder et al. 2013).
Guided by the observed properties of the waves and flows in the prominence foot we develop a simplified model of
the wave propagation and oscillations guided by the prominence foot using the 2.5D MHD equations with the idealized
initial state and time-dependent boundary conditions. The advantage of this approach in contrast to the complex
observed prominence dynamics that includes a multitude of phenomena simultaneously, is the ability to model the
oscillations processes and determine the linear and nonlinear waves modes, useful for coronal seismology. Using this
model, we extend our previous studies of oscillating and propagating features in the prominence foot identified as
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Figure 8. The time-distance plots (normalized units) of the density cuts from the 2.5D MHD model (a) at x = 0.05 and (b) near
the center of the pillar the fast magnetosonic speed is close to 0.1VA, as expected for the high density low temperature region
and is an order of magnitude smaller than in the coronal region. The speed in panel (a) of about 0.27VA is increased consistent
with the density and temperature profiles shown in Figure 4b. The dashed line show the velocity fit to the propagating fast
magnetosonic waves features.
guided nonlinear fast magnetosonic waves, and introduce the effects of flows along the direction of the magnetic field
structures (or threads). The expanded, model demonstrates the effects of flows on the cold high density prominence
foot material, on the localized density structure in the foot, and on the propagation of the nonlinear fast magnetosonic
waves. A single source of flows as well as counter-propagating flows were considered in the model. We found that
the refracted waves in the flow-produced structures propagate in the prominence foot, guided along the high-density
structure in agreement with Hinode/ SOT Ca II and IRIS SJI Mg II emissions that show qualitatively similar evidence
of flows and waves.
In addition to propagating nonlinear fast magnetosonic waves, the model reproduces transverse kink oscillations
in the magnetic threads with flowing prominence material structures in agreement with our observations, and with
previous observations of oscillating prominence threads in Hα and Ca II that were interpreted as kink modes. The
modeling results help identify the physical nature of the observed oscillating and propagating features as nonlinear
fast MHD and mass flows, and determine their effects on the structure of the prominence foot. Moreover, the model
further validates the application of coronal seismology to the observed prominence structures.
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